The natural light/dark and temperature cycles are considered to be the most prominent factors that synchronize circadian clocks with the environment. Understanding the principles of temperature entrainment significantly lags behind our current knowledge of light entrainment in any organism subject to circadian research. Nevertheless, several effects of temperature on circadian clocks are well understood, and similarities as well as differences to the light-entrainment pathways start to emerge. This chapter provides an overview of the temperature effects on the Drosophila circadian clock with special emphasis on synchronization by temperature cycles. As in other organisms, such temperature cycles can serve as powerful time cues to synchronize the clock. Mutants that specifically interfere with aspects of temperature entrainment have been isolated and will likely help to reveal the underlying mechanisms. These mechanisms involve transcriptional and posttranscriptional regulation of clock genes. For synchronization of fly behavior by temperature cycles, the generation of a whole organism or systemic signal seems to be required, even though individual fly tissues can be synchronized under isolated culture conditions. If true, the requirement for such a signal would reveal a fundamental difference to the light-entrainment mechanism.
INTRODUCTION
Most organisms can synchronize their circadian clocks to light/dark or temperature cycles if the respective other zeitgeber is held constant. Given that in nature both light and temperature fluctuate in a daily manner, it is more than likely that under natural conditions, both cues-and likely many others (see, e.g., Levine et al. 2002b )-are used by the organisms to time their clocks. In most mammals, blood temperature changes in a daily fashion by about 1.5°C, and this low amplitude rhythm likely serves as a zeitgeber for peripheral clocks (Brown et al. 2002; Kornmann et al. 2007) . Therefore, to fully understand "entrainment," it is necessary to study how these two major "physical" rhythms synchronize circadian clocks separately and in combination. So far, the main focus has been on light entrainment in both vertebrates and invertebrates (see, e.g., Hall 2003; Foster et al. 2007 ). An astonishing complexity of light-input pathways and of molecules assembling them has been revealed in both systems, consisting of classical visual photoreceptors as well as specialized circadian photopigments and light-responsive cells. The final degree of complexity is very likely still ahead of us, given that studies have so far been mainly conducted under strict 12-hour light:12-hour dark conditions, ignoring the changes of light quality and quantity during twilight. This is somewhat ironic, because light conditions during twilight represent a particularly potent zeitgeber (Roenneberg and Foster 1997) . It therefore seems time to switch to more natural entrainment conditions in the lab (Bachleitner et al. 2007) or even for conducting studies "in the wild."
The latter would naturally also include temperature fluctuations. Isolated analysis of temperature entrainment in the lab has the small advantage of almost never being abrupt, because for technical reasons, incubators or experimental rooms need some time to adapt a new temperature set point. Although they most likely do not accurately reflect the heating or cooling times in nature (which can also vary dramatically), it seems nevertheless to be a "more natural" scenario compared with applying rectangular light/dark cycles. The downsides, and clearly a complicating issue, are the many effects temperature changes exert on organisms in general and on the circadian clock in particular. First, there is the heat shock response, which leads to major changes in the transcriptional and translational profile (Morimoto 1998 (Morimoto , 2002 . In flies, brief (30 minute) 37°C heat shocks stably phase-shift locomotor rhythmicity (Edery et al. 1994; Sidote et al. 1998; Kaushik et al. 2007) , and it has been recently shown that the blue light photoreceptor Cryptochrome (Cry) is necessary for this response (Kaushik et al. 2007) . Surprisingly, the same "resetting complex" of clock proteins is formed after both light and temperature pulses, but it is not likely that the same complex also forms during temperature entrainment, which operates normally in the absence of Cry (Stanewsky et al. 1998; Glaser and Stanewsky 2005; Kaushik et al. 2007 ). Moreover, it has been shown that prolonged (6-12 hours) heat pulses of 29°C can phase-shift the clock in wild-type and cry b flies, further questioning whether Cry has a role in temperature entrainment under physiological conditions .
Second, circadian clocks are temperature-compensated, meaning that the free-running period of an organism is more or less constant at different ambient temperatures as long as they are within the physiological range of the organism (e.g., no heat shock). Although several interesting models have been developed, and clock genes have been shown "to be important" for temperaturecompensation, the mechanisms are not understood on a molecular level (Huang et al. 1995; Leloup and Goldbeter 1997; Sawyer et al. 1997; Ruoff et al. 2005; Hunt et al. 2007 ). Cry has also been implicated in temperature compensation, because a mutant form of Cry, encoded by the cry b mutation, largely restores the deficit of compensation associated with a mutation in the clock gene period (per L ) (Konopka et al. 1989; Kaushik et al. 2007 ). It is not clear whether this "rescue" is only a consequence of altered binding properties between the clock protein Timeless (Tim) and the mutated and perhaps structurally altered Cry B and Per L proteins. The recent observation that Cry loss-of-function mutations are perfectly temperaturecompensated makes it rather unlikely that Cry is also relevant for temperature-compensation in wild-type flies (Dolezelova et al. 2007) .
Third, in Drosophila, constant low or elevated temperatures (within the physiological range) result in a different behavioral activity pattern during light/dark (LD) cycles. The typical dusk activity occurs earlier at cold temperatures and later at warm temperatures. This effect is enhanced by short and long photoperiods, respectively (Majercak et al. 1999) , which suggested that the combined response to temperature and photoperiod allows the fly to adjust its behavior to the different seasons of the year. More recent work has revealed that this adaptation is mediated via a splicing event in the last intron of the per gene, which ultimately results in an earlier accumulation of Per protein in short and cold days versus long and warm days (Collins et al. 2004; Majercak et al. 2004 ; also see below).
All of the temperature effects just described somehow alter or involve clock gene products. In addition, and as in the case of light, temperature changes also elicit direct or driven responses, which can influence (mask) behaviors that are normally clock-controlled. For example, in temperature cycles, fly locomotor activity shows rapid increases immediately after the temperature transitions even in flies that do not possess a functional clock (Fig. 1b) (see, e.g., Wheeler et al. 1993; Glaser and Stanewsky 2005) , and transcription of many Drosophila genes can be driven by temperature cycles (Boothroyd et al. 2007 ; see below). Cold Spring Harbor Laboratory Press on September 26, 2017 -Published by symposium.cshlp.org Downloaded from either mutant or lacking the cry gene but having normal eyes (Stanewsky et al. 1998; Dolezelova et al. 2007) . Similarly, for temperature entrainment, multiple receptor systems could synchronize the clock in parallel.
Temperature Reception Is Tissue Autonomous in Flies
To localize circadian temperature receptors in the fly, we analyzed the ability of various isolated tissues of per-luc flies to synchronize to temperature cycles. Surprisingly, all external tissues isolated so far showed robust per-luc oscillations neatly entrained to the cyclic temperature zeitgeber (Glaser and Stanewsky 2005) . Therefore, the situation seems to be similar to that for light entrainment, where it has been shown that isolated tissues can be synchronized by LD cycles (see, e.g., Emery et al. 1997; Plautz et al. 1997; Ivanchenko et al. 2001; Levine et al. 2002a) . Moreover, in zebra fish, it has been demonstrated that temperature entrainment occurs on a cell-autonomous level, suggesting that this may also be the case in flies (Lahiri et al. 2005) .
In the case of light, Cry has been implicated as being the crucial factor for synchronization of the peripheral tissues, but it is clear that other photoreceptors also contribute, because isolated tissues synchronize to LD cycles in the absence of functional Cry (Ivanchenko et al. 2001; Levine et al. 2002a; Dolezelova et al. 2007) . Given that Cry does have a role in synchronization of the clock, we also tested its potential involvement in temperature synchronization. Per and Tim proteins isolated from heads (and therefore mainly reflecting protein levels in the photoreceptor cells of the compound eye) of cry b flies kept in temperature cycles and in constant dark (DD) show an approximately 50% reduction in abundance compared to those isolated from wild-type flies (Stanewsky et al. 1998 ). Nevertheless, both Per and Tim exhibit robust temperature-entrained oscillations, which were never observed under LD conditions in cry b flies (Stanewsky et al. 1998) . Similarly, perluc oscillations can be synchronized in the face of cry b in temperature cycles but not in LD cycles (Stanewsky et al. 1998; Glaser and Stanewsky 2005) . These results clearly demonstrate that Cry is not crucial for temperature entrainment and confirm its role as a dedicated circadian photoreceptor. This is an important point to stress, because Cry has recently been implicated to function in temperature-compensation and in the response to heat pulses of 37°C (Kaushik et al. 2007 ; see below).
Clock Mutants and Temperature Entrainment
In Neurospora crassa, it has been a matter of controversial findings and discussions whether or not loss-of-function mutants of the central clock gene frequency (frq) can entrain to temperature cycles (Merrow et al. 1999; Pregueiro et al. 2005; Roenneberg et al. 2005) . Another way to address this question is to create a similar situation in a different organism, where it might be easier to obtain a clear answer. In the case of Drosophila, this problem was tackled by K. Tomioka and his group in Japan, who studied temperature entrainment in mutants of the clock genes per, tim, Clock (Clk), and cycle (cyc). Overall, their experiments In light of the above-mentioned temperature effects on the circadian clock, especially the ability of the clock to actively compensate for different temperatures, it seems remarkable that daily temperature fluctuations can serve as a robust zeitgeber in many organisms (Dunlap et al. 2004) . Even more astonishing, the amplitude of the temperature cycle necessary to elicit entrainment can be tiny, often only 1-3°C (see, e.g., Wheeler et al. 1993; Lahiri et al. 2005) . In mammals, temperature cycles with a 1.5°C amplitude are able to induce rhythmic per1 and per2 expression in suprachiasmatic nucleus (SCN) glia cells (Prolo et al. 2005) , and the daily body temperature cycles seem to be capable of synchronizing circadian transcripts in mouse liver and fibroblasts (Brown et al. 2002; Kornmann et al. 2007 ). We discuss here our current and very limited knowledge of temperature entrainment in Drosophila and where possible put this into context with other known effects of temperature on the circadian clock.
DISCUSSION

Location of Thermal Receptors/Tissueautonomous Temperature Reception
It is known that thermal receptors for temperature preference distribution are located in the outer antennal segment of adult flies (Sayeed and Benzer 1996; Zars 2001) . Flies lacking this part of the antenna are no longer able to identify their preferred temperature (25°C) and will randomly distribute in a temperature gradient. As such, the antennae were an initial candidate to also serve as a temperature reader for the circadian clock. We therefore analyzed temperature synchronization in flies, in which the outer segment of the antenna had been removed surgically or had been transformed into leg structures by the homeotic mutation spineless aristapedia (Glaser and Stanewsky 2005) . For this, we introduced a period-luciferase (per-luc) transgene into the genetic background of the antenna-deficient flies and determined if it would be possible to synchronize per-luc oscillations with temperature cycles. This was indeed possible, demonstrating that the receptors responsible for adult temperature preference behavior are not necessary for circadian synchronization. In addition, the temperature preference mutant bizarre was analyzed, whose antennae appear normal (Sayeed and Benzer 1996; Zars 2001 ) but which shows morphological brain abnormalities (D. Kretzschmar, pers. comm.). Again, bizarre flies showed normal synchronization of clock gene cycling to temperature cycles, indicating that brain structures important for propagating the temperature information from the antenna are not crucial for circadian temperature entrainment (Glaser and Stanewsky 2005) .
Although these results imply that the antennal temperature receptors are not involved in clock synchronization, they do not rule out their involvement. For example, it can easily be imagined that the situation is similar to that of light entrainment, where both the image-forming photoreceptors in the compound eye and the dedicated circadian photoreceptor molecule Cry contribute (see, e.g., Stanewsky et al. 1998; Helfrich-Förster et al. 2001; Veleri et al. 2007) . Clock synchronization by LD cycles is almost normal in flies that lack compound eyes (but contain functional Cry), or in flies indicated a clear requirement of a functional circadian clock for proper temperature entrainment (Matsumoto et al. 1998; Yoshii et al. 2002) . In one particular study (Yoshii et al. 2002) (Hall 2003) to 25°C:30°C temperature cycles with varying periods (T) under constant light (LL) and DD conditions (T = 8 to T = 32 hours) with an equal length of warm and cold periods. Using this protocol, they demonstrated that the phase of the major behavioral activity peak in wild-type flies is dependent on the period of the temperature cycle, indicating proper entrainment as opposed to a simple reaction to the temperature changes. This dependency was only observable in LL; in DD, wild-type flies synchronized to T = 24 but not to any of the other T cycles (Yoshii et al. 2002) . The findings suggest "better clock function" in LL compared to DD during temperature entrainment, which is quite surprising given that LL causes arrhythmicity at constant temperatures (Konopka et al. 1989 ; also see below).
Interestingly, in both per 01 and tim 01 flies, the phase of the activity peak depended on the T cycle in DD, suggesting that some clock functions remain intact in these mutants. This was in contrast to the Clk Jrk and cyc 01 mutants, which always showed peak activity about 2.5 hours after the onset of the warm phase (response to coldto-warm transition) (Yoshii et al. 2002) . A similar variation between the effects of mutations in the negative limb of the molecular feedback loop versus the positive limb was observed after exposing wild-type and mutant flies to temperature steps of 10°C during LL: A single temperature step from 20°C to 30°C induced a single behavioral activity bout approximately 9 hours after the step in wildtype flies (Yoshii et al. 2007 ). This activity bout was also observed in per 01 and weakly in tim 01 flies, but not in the Clk Jrk and cyc 01 mutants. In wild type, a temperature step from 30°C to 20°C induced a behavioral rhythm, with recurring activity bouts approximately every 21.5 hours. This rhythm could not be observed in any of the four clock mutants under study, indicating that it requires a functional clock. This was further demonstrated by shortening the period of this rhythm in per S and its lengthening in per L mutants, whereas the phase of the single activity peak observed after the 20°C → 30°C step up was not affected by the period-altering mutants in a meaningful manner. Similarly, on a molecular level, these temperature steps induced alterations and oscillations in the clock gene mRNAs of the per, tim, Clk, vrille, and Pdp1 genes in wildtype flies. These changes were abolished by the Clk Jrk mutants (which cannot be synchronized by temperature cycles; see above), except that per RNA decreased or increased after the 20°C → 30°C and the 30°C → 20°C step, respectively, but stayed constant thereafter. Interestingly, in per 01 flies, which show some behavioral adjustments to temperature cycles and steps (see above), the mRNAs of the five clock genes analyzed responded with either an increase or decrease (or both) after a temperature step down or step up, respectively. But in no case was a sustained oscillation of any clock gene mRNA maintained in a per 01 mutant background, consistent with the idea that any remaining timing mechanism operating independent of per is of an hourglass type and not self-sustained (Yoshii et al. 2007 ).
In this regard, it is interesting to note that we also observed low-amplitude oscillations of per-luc oscillations in several clock mutant flies and their isolated tissues (Fig. 1a) (Glaser and Stanewsky 2005 ), but we were not able to demonstrate any behavioral synchronization in any of the mutants effecting the negative or positive limb of the clock (Fig. 1b) (Glaser and Stanewsky 2005) . Moreover, in a microarray study of Drosophila genes expressed rhythmically in temperature cycles, Boothroyd et al. (2007) discovered that in tim 01 flies, some of the crucial clock or clock-input genes (per, tim, Clk, and cry) are rhythmically expressed during a temperature cycle but not after release into constant conditions.
Considering all of the available data, it seems that flies are not able to synchronize properly to temperature cycles in the absence of any of the canonical clock gene products. It also seems clear that mutation of the negative limb of the fly clock (per and tim) allows for some features of synchronization to persist, but this was never comparable to the wild-type situation.
Mutants for Circadian Temperature Reception
(nocte, norpA)
nocte. Genetic screens were very successful in both identifying genes constituting the core circadian clock and defining light-input factors (Hall 2003) . It was therefore predictable that similar screens aimed at identifying components of the temperature-entrainment pathway would also succeed. Such screens and the resulting mutations are very desirable, given that it is not clear at present in any organism how temperature entrainment of the circadian clock is accomplished or which classes of genes and proteins may be involved (except for the possible involvement of heat shock genes in mammals) (Kornmann et al. 2007) .
Indeed, by performing a random chemical mutagenesis screen for variants that abolish per-luc cycling induced by temperature cycles, we were able to isolate the temperature-entrainment mutant nocte (no circadian temperature entrainment) (Glaser and Stanewsky 2005) . nocte mutant flies exhibit only weak (if any) per-luc oscillations in temperature cycles (both under LL and DD conditions) but robust and entrained oscillations in LD cycles. The mutant strain also exhibits normal behavioral rhythms in LD and DD and normal temperature-compensation, but it shows defects in synchronization to temperature cycles. The nocte mutant therefore represents a mirror image of the cry b mutation, which shows defects in light-entrainment cycles but not in temperature cycles (Stanewsky et al. 1998) .
Meiotic mapping experiments placed the nocte gene in the X-chromosomal interval 9A2-9D3. We eventually succeeded in identifying the mutated gene, which will be described elsewhere (F. Glaser et al., unpubl.) . In the context of the current review, it seems sufficient to note that the sequence of the gene and the deduced protein was quite a surprise. As noted above, we had expected to get at least a hint of the factors and perhaps mechanisms involved in temperature entrainment, but this was not the case. The deduced protein encoded by the nocte gene is very large (~2300 amino acids) and contains no obvious homologies with any other proteins or domains! Nevertheless, we hope that by analyzing the nocte expression pattern and by spatially controlled manipulation of its function in certain parts of the fly, we will be able to gain insights into possible mechanisms involved in temperature entrainment. In a way, the situation is similar to that after cloning of period. There too, the sequence information did not lead to immediate insights or ideas about potential clock mechanisms. Instead, it sparked an army of researchers to study its function, eventually revealing its secrets, its partners, and the basic mechanism of the circadian clock (and not just that of flies). So, in a lot of ways, it was luck that period was the first circadian locus to be isolated after random mutagenesis. Or as the great Jeffrey Hall once asked: "Would we all be here if the first fly rhythm mutant had turned out to be a kinase?" norpA. The only other gene known to have a role in temperature entrainment is norpA (no receptor potential A), which encodes the enzyme phospholipase C-β (PLC-β). The protein is famous for being a crucial component of the phototransduction cascade operating in the compound eye photoreceptors, and norpA loss-of-function mutants are physiologically blind (Pearn et al. 1996) . Mutations in this gene were also applied to demonstrate the involvement of compound eyes in light entrainment of the circadian clock, both as single mutants and in combination with cry b (Stanewsky et al. 1998; Emery et al. 2000; HelfrichFörster et al. 2001; Mealey-Ferrara et al. 2003) .
Surprisingly, norpA has also been shown to have a role in seasonal adaptation of the fly clock mediated by light and temperature changes. In shorter days and colder temperatures (early spring, late fall), flies are mainly active during the day, whereas in the summer (long days, warm nights), activity occurs in the early-to-late night (Majercak et al. 1999) . Interestingly, this seasonal behavior is linked to the splicing of an intron in the 3´-untranslated region (UTR) of per. During short photoperiods and cold temperatures, splicing is enhanced, leading to an earlier rise of per mRNA and protein, which is likely responsible for the earlier behavioral activity peak under cold and short-day conditions (Majercak et al. 1999) . In norpA mutants, splicing of the per intron occurs in the "cold" mode, even if the flies are kept under warm and long-day conditions (Collins et al. 2004; Majercak et al. 2004 ). Levels of the spliced per transcript are also high in DD, indicating that the role of norpA in the regulation of per splicing is independent of light. Moreover, light pulses cause a decrease of the spliced transcript, indicating that PLC-β function is not important for the phototransduction mechanism involved in this process (Collins et al. 2004; Majercak et al. 2004 ). Therefore, norpA seems to be important for the temperature sensing involved in regulation of splicing, i.e., flies are now unable to respond with reduced per splicing to warmer temperatures (in fact, they still respond, but much less compared to wild-type flies) (Collins et al. 2004; Majercak et al. 2004 ).
This rather temperature-specific effect of norpA prompted us to test if PLC-β is also involved in temperature entrainment. Indeed, neither per-luc expression nor locomotor activity synchronized to temperature cycles; in fact, the norpA mutant phenotypes were indistinguishable from those of nocte (Glaser and Stanewsky 2005) . We observed these phenotypes in the context of two independently isolated norpA alleles, which makes it rather unlikely that the temperature defects were caused by a secondary hit on the norpA chromosome. This is noteworthy, because such events occur relatively frequently and have let to misinterpretations in several cases (see Hall et al., this volume). We then determined the level of splicing for per's last intron in both nocte and norpA mutants during temperature-entrainment conditions in order to see if this seasonal timing mechanism also operates on a day-to-day basis. The ratio of spliced versus unspliced per RNA in flies exposed to LL and temperature cycles was indistinguishable between two control strains and the nocte mutant flies (Fig. 2) (Glaser and Stanewsky 2005) . Identical splicing levels between a temperature entrainment mutant and wild-type flies suggest that splicing of per's last intron is not involved in daily temperature entrainment. In contrast, norpA mutant flies showed the same increased level of the spliced per transcript during temperature entrainment as was described previously for other environmental conditions (Fig. 2) (Glaser and Stanewsky 2005; see above) . This confirms the previous observation that norpA mutants "lock" per splicing in the "cold" mode. But interestingly, we did not observe higher levels of the spliced transcript associated with the colder period: Peak levels were observed at the beginning of the warm phase and at the end of the cold phase, whereas the trough occurred around the transition from the warm to the cold phase (Fig. 2) (Glaser and Stanewsky 2005) .
So far, our results support the idea that both norpA and nocte abolish daily temperature entrainment of the fly clock. On the basis of their identical phenotypes, we speculate that both operate in the same pathway, whichbased on the gene product encoded by norpA-likely involves a G-protein-coupled signal transduction cascade. Furthermore, analysis of per splicing in both mutants during temperature-entrainment conditions strongly suggests that this temperature-controlled splicing event is not involved in day-by-day temperature entrainment. Further analysis of per-luc temperature entrainment in norpA and nocte mutant-isolated tissues should reveal if theses mutants interfere with entrainment on a cellular/tissue level as opposed to the whole-organism level. This kind of analysis will also demonstrate if the two gene products are involved in temperature perception per se or rather in the processing of the various temperature signals perceived through the various tissues. No matter what the answer will be, both mutants specifically abolish temperature entrainment on a molecular (whole fly) and behavioral level, and their functional analysis will likely contribute significantly toward understanding how this zeitgeber synchronizes the circadian clock.
Role of Transcriptional and Posttranscriptional Mechanisms
Several experiments indicate that temperature primarily synchronizes molecular clock components by posttranscriptional mechanisms. For example, Yoshii et al. (2007) found that Per protein showed a different accumulation profile after temperature steps compared to its mRNA, whereas that of Tim protein closely followed its mRNA. Using various per-luc transgenics, we noticed that only those transgenes that did encode for at least a portion of the PER protein gave rise to robustly synchronized bioluminescence rhythms in adult flies kept in temperature cycles (Glaser and Stanewsky 2005) . All transgenes containing only 5´UTRs from the per or tim genes showed no or only weakly synchronized luminescence rhythms (Fig. 3) (Glaser and Stanewsky 2005) . This is in clear contrast to the results of the same transgenics analyzed under LD conditions and constant temperature, where all lines exhibited robust rhythmicity (Fig. 3) (Stanewsky et al. 2002) . We do not have a reporter line to monitor luminescence from a Tim-Luc protein fusion, but because the tim-luc promoter line does not synchronize its expression to temperature cycles, whereas the Tim protein does (Stanewsky et al. 1998; Glaser and Stanewsky 2005; Yoshii et al. 2005) , it seems clear that Tim oscillations are also primarily synchronized by posttranscriptional mechanisms.
Despite these findings pointing to a prominent role of posttranscriptional mechanisms in temperature entrainment, a recent study revealed substantial rhythmic mRNA regulation using whole-genome microarrays (Boothroyd et al. 2007 ). These authors discovered that the majority of the transcripts that oscillated in temperature cycles and DD conditions where temperature-driven. For example, in the background of the tim 01 mutation, which abolishes rhythmic expression of clock or clock-regulated genes, 939 transcripts were rhythmically expressed (i.e., temperature-driven). Under LD and constant temperature conditions, only 72 transcripts turned out to be light-driven in the same tim 01 genetic background. To determine the number of circadian transcripts that can be synchronized by thermocycles, the authors also analyzed transcript rhythmicity in wild-type flies after transition from temperature cycles to constant temperatures. Surprisingly, the set of remaining rhythmic transcripts (n = 143) did overlap substantially with those that remained rhythmic after entrainment to LD cycles (n = 172). Further testing by northern blot analysis revealed that six randomly picked transcripts of the above transcripts, which initially appeared to show entrainment only to thermocycles, also synchronized to LD cycles. In contrast, three transcripts that appeared to synchronize only to LD cycles after microarray analyses were confirmed to be light-specific by northern blot.
In an apparent contradiction to our results (e.g., Fig. 3 ), Boothroyd et al. (2007) demonstrated temperatureentrained mRNA rhythms of all clock gene transcripts that also oscillate in LD cycles (per, tim, Clk, vri, cry, and Pdp1) . The discrepancy could be explained by the difference in the experimental design. We analyzed expression in whole animals, whereas Boothroyd et al. (2007) analyzed mRNAs extracted from fly heads. As discussed above for the temperature-entrainment mutants nocte and norpA, it is possible that temperature entrainment requires the generation of a temporally "organized" signal throughout the whole body, which may rely on posttranscriptional mechanisms. In isolated tissues, on the other hand, transcriptional rhythms may be visible and synchronized by temperature cycles. In fact, we also observed per and tim mRNA rhythmicity in heads of wild-type flies kept in LL and temperature cycles (Fig. 4) . It will be interesting to see whether the same result applies for other isolated body parts, and if mRNA rhythms also persist in isolated body parts of the two temperatureentrainment mutants (see above).
Interestingly, clock gene mRNAs are also driven into rhythmicity by temperature cycles in a clock mutant background, but the induced rhythms are out-of-phase with those observed in flies containing a functional clock (Boothroyd et al. 2007 ). Therefore, the circadian clock somehow has to suppress the temperature-induced mRNA oscillations or their potential consequences, again pointing toward the importance of posttranscriptional mechanisms.
Similar to the temperature-regulated per RNA splicing event, two different tim transcripts were discovered (Boothroyd et al. 2007 ). During and after LD entrainment, the previously undetected tim cold transcript is more abundant at 18°C, whereas the other (the canonical tim transcript) is more abundant at 25°C. During temperature entrainment, tim cold appears to cycle in-phase with the per transcript, but the classical tim transcript exhibits a phasedelay (Boothroyd et al. 2007 ). Again, our findings seem to be different because we did not observe a phase delay of the tim message compared to per, but instead, we did observe a mild phase-advance (Fig. 4) . Our analysis was performed with real-time polymerase chain reaction (PCR) using primers common to both tim transcripts, but this still cannot easily explain the different results. Perhaps it makes a difference that the tim phase-delay was observed during temperature cycles in DD (Boothroyd et al. 2007) , whereas the similar temporal tim and per RNA profiles were observed in LL (Fig. 4) .
More importantly, the tim cold transcript was found to retain the last tim intron. In contrast to the alternative splicing event involving the last per intron that only affects the accumulation of per RNA, the tim cold transcript is predicted to encode a truncated Tim protein. In fact, such a truncated protein was observed on western blots during the light portion of an LD cycle at a constant temperature of 18°C, but not at 25°C (Boothroyd et al. 2007) . Further work will be necessary to fully understand the function of alternative tim splicing and the two Tim proteins in temperature entrainment.
Transcriptional rhythms of potential core clock genes could also be induced by temperature cycles in zebra fish cells and larvae (Lahiri et al. 2005) . Similar to behavioral rhythms in Drosophila, RNA rhythms in fish were synchronized even if the amplitude of the thermocycle was as low as 2°C (Wheeler et al. 1993; Lahiri et al. 2005 ). Moreover, it was shown that the abundance and phosphorylation status of zebra fish Clk1 is different at constant low (20°C) versus high (30°C) temperatures during LD cycles (Lahiri et al. 2005) . Although this does not directly address the question of whether these differences at the protein level contribute to temperature entrainment, it does suggest that posttranscriptional regulation also contributes to thermal entrainment in vertebrates.
Temperature Entrainment in LL versus DD
In LL and constant temperatures, molecular and behavioral rhythmicity breaks down (Konopka et al. 1989; Marrus et al. 1996) , presumably because of the lightinduced and Cry-mediated degradation of Tim (see, e.g., Stanewsky et al. 1998; Ceriani et al. 1999; Busza et al. 2004) . Nevertheless, robust behavioral synchronization and oscillations of per and tim gene products are observed in LL and temperature cycles (Glaser and Stanewsky 2005; Matsumoto et al. 1998; Miyasako et al. 2007; Yoshii et al. 2002 Yoshii et al. , 2005 . Moreover, it has been repeatedly observed that temperature cycles are a stronger zeitgeber when they are applied in LL compared to DD. Under both environmental conditions, light input into the clock should be clearly separated from temperature entrainment, which makes it difficult to comprehend the enhancing effect of LL. The first hint that this effect indeed exists came from the observation that flies carrying the period-altering mutations per S and per L synchronized their behavior nicely to temperature cycles in LL, whereas they free-ran in DD (Matsumoto et al. 1998) . Later, the same research team found that wild-type flies synchronized better to temperature cycles in LL compared to DD (see above) (Yoshii et al. 2002) . Finally, we noted that although per-luc luminescence rhythms can be temperature-entrained in DD and LL, rhythmicity is consistently more robust in LL compared to DD (Glaser and Stanewsky 2005 and unpubl.) .
It therefore seems that factors which are present in DD and absent in LL somehow interfere with, or dampen, temperature entrainment. A good candidate for such a factor is Cry, which is degraded by light and accumulates in DD . Indeed, bioluminescence analysis of two different per-luc transgenics in the cry b background compared to wild-type mutant background suggests that Cry indeed interferes with temperature entrainment: In LL and temperature cycles, BG-luc transgenics, in which the per promoter and two thirds of the Per-coding region are fused to luciferase, seem to exhibit a higher-amplitude cycling when they carry the cry b mutant (Glaser and Stanewsky 2005) .
A more prominent effect of this mutant was observed when its consequences on the expression of a promoterless per-luc construct were tested. The 8.0-luc transgenics have previously been shown to express this construct predominantly in subgroups of the "dorsal neurons" (DNs) (Veleri et al. 2003) . When crossed to a cry b mutant background, they showed a drastic increase in amplitude of luciferase activity in LL and temperature cycles (Fig. 5) . This strongly indicates that Cry interferes with this process. To confirm Cry's suppressing role in this process, experiments also need to be conducted in DD and temperature cycles. We would expect that the amplitude of per-luc oscillations increases in the face of cry b compared to the wild-type situation. The observed amplitude increase by cry b in LL-a condition that reduces Cry levels substantially-could be explained by a further reduction of Cry levels compared to those present in cry b flies during DD. In this regard, it is also interesting to note that a recent study found that a subset of the pacemaker neurons in the central brain of the fly seems to inhibit rapid behavioral synchronization to temperature cycles . Perhaps LL creates a situation in the fly brain similar to removal of the PDF-expressing lateral neurons does, because in both cases, synchronization to temperature cycles is enhanced see above) .
In any case, the current data suggest that Cry has a negative impact on temperature entrainment, which would also explain the behavioral results that implicate an enhancement of zeitgeber strength in LL (see above). A corollary of such a scenario would be that the Tim protein-normally degraded by light-can accumulate because of a depletion of Cry. Perhaps the dual role of Cry contributes to the order of zeitgeber strength in wild-type flies, where light is generally considered to be superior over temperature.
Neural Substrates
Several sets of clock neurons in the fly brain are responsible for mediating rhythmic locomotor behavior under LD and DD conditions (see, e.g., Veleri et al. 2003; Grima et al. 2004; Stoleru et al. 2004 Stoleru et al. , 2005 , and multiple light-input pathways synchronize clock protein expression in these neurons, either directly (see, e.g., Klarsfeld et al. 2004; Veleri et al. 2007) or through communication between neurons (see, e.g., Stoleru et al. 2005) . Thus, for thermocycles to synchronize behavior, the temperature signals must somehow regulate clock gene expression in the clock neurons. Indeed, temperature cycles (in LL) induce Per cycling in all known clock neuronal groups, with a temporal profile very similar to that observed after LD entrainment (Yoshii et al. 2005) . Robust Per rhythms were also found in a group of "lateral posterior neurons" (LPNs), in which Per is difficult to detect during LD entrainment (Kaneko and Hall 2000; Helfrich-Förster 2005; Yoshii et al. 2005 ) and which therefore may have a more prominent role in temperature entrainment. Interestingly, Pdf 01 mutant flies, or flies in which the Pdfexpressing cells have been ablated, are still able to synchronize to temperature cycles behaviorally (Yoshii et al. 2005; Busza et al. 2007 ). This suggests that PDF-negative clock neurons (including the LPN) may be more important. To test this, disco mutant flies, which lack the PDF neurons and the dorsal lateral neurons (LNd), but not the dorsal neurons (DN) and the LPNs (Zerr et al. 1990; Kaneko and Hall 2000; Yoshii et al. 2005) , were analyzed in temperature cycles. They were found to exhibit only weakly synchronized behavioral rhythms and also exhibited synchronized PER expression in LPN and DN cells (Yoshii et al. 2005) , suggesting that these neurons mediate at least some aspects of temperature-entrained behavior. These initial observations were confirmed by a recent study, in which Tim expression was analyzed in flies that were exposed to a combined LD and a 6-hour advanced temperature cycle (25°C:20°C) (Miyasako et al. 2007 ). Tim expression in the LPNs and DNs was mainly synchronized to the temperature cycle, whereas it followed the LD schedule in the two groups of LN cells.
Independent evidence for the importance of the LPNs and the dorsally located LNd and DN cells stems from experiments where the ventrally located PDF-expressing neurons were ablated without compromising temperature entrainment ). Interestingly, weak temperature entrainment was observed even after eliminating the PDF cells and the LNd, strongly suggesting that the LPN and DN neurons are important mediators of temperature entrainment. As discussed above, the PDF neurons most likely serve to modulate the temperature response of the other neurons in order to prevent the system from being hypersensitive to temperature changes .
Preliminary results obtained with the nocte and norpA mutants indicate that Per expression in all clock neurons can still be synchronized by temperature cycles, although subtle differences exist (F. Glaser and R. Stanewsky, unpubl.) . It remains to be seen if these differences are responsible for the lack of behavioral synchronization observed in these mutants (Glaser and Stanewsky 2005) , or if the mutants affect a different step of the temperatureentrainment mechanism (see above). Although it was originally reported that isolated brains "in culture" are able to synchronize per-luc oscillations to temperature cycles (Glaser and Stanewsky 2005) , further experiments suggest that this is not the case. Instead, it seems that Per expression in isolated brains simply responds to temperature changes (H. Sehadova et al., unpubl.) . If true, this would further imply that synchronization of clock gene expression in the behaviorally important clock neurons is synchronized indirectly by temperature signals reaching the brain from the periphery. If true, this would demonstrate a fundamental difference between the light-and temperature-entrainment pathways. Veleri et al. (2003) and Wülbeck et al. (2005) .
CONCLUSIONS
Determining how temperature cycles synchronize the circadian clock remains a problematic issue for any organism, including-and as discussed here in detailDrosophila. This is due in part to the direct effects different temperatures exert on organisms, which includes changes in the amounts of clock molecules. A further complication arises from the fact that in flies, light is the major zeitgeber, and temperature cycles therefore probably have only a supportive role in entrainment overall. It is also clear that both entrainment pathways must be integrated at some level, and our findings suggest that Cry may be involved in this process (Fig. 5) . Interestingly, Cry seems also to be involved in temperature-compensation and in the responses of circadian clock molecules to heat shock pulses (Kaushik et al. 2007) , indicating that this flavoprotein is involved in both light and temperature regulation of the circadian clock.
Further analysis of the existing mutations that interfere with temperature entrainment will be necessary to gain deeper insight into the underlying mechanisms. Because the multiple effects of temperature on the circadian clock share some components, this will in parallel help to elucidate the mechanisms underlying temperature-compensation and seasonal adaptation (although as discussed above, one mechanism regulating the latter process seems not to be important for daily entrainment).
Finally, from our own work a picture seems to emerge in which the generation of an integrated whole-organism signal is necessary to obtain synchronized clock output (i.e., behavioral rhythms). In other words, although the clocks of individual cells and tissues can be synchronized by thermo cycles, this does not guarantee synchronization of the whole organism. It will be important to resolve whether the currently available temperature mutants interfere with the generation of such a signal and how they do it. Moreover, if these mutants do not interfere with circadian temperature reception as such, further mutant screens will be necessary to understand the reception mechanism.
